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SECTION  1 


INTRODUCTION 


With  the  evolution  of  gas  turbine  cycles  with  higher  and  higher  turbine 
inlet  temperatures  has  come  the  need  for  increasingly  effective  means  of 
cooling  the  turbine  airfoils.  One  such  cooling  technique  currently  receiving 
wide  application  is  film  cooling.  The  objective  is  to  discharge  a protective 
blanket  of  cooling  air  onto  the  surface  of  the  airfoil  with  the  purpose 
of  insulating  the  airfoil  from  the  hot  flow  around  it.  The  film  of  air  is 
created  bv  injecting  cooling  air  into  the  airfoil  boundary  layer  through  rows 
of  holes  on  the  airfoil  surface.  In  its  range  of  applicability  film  cooling 
offers  numerous  advantages  over  other  cooling  techniques.  In  higher  tempera- 
ture applications  it  provides  a more  effective  means  of  cooling  than  simple 
internal  convective  cooling.  Also,  it  does  not  require  the  arrays  of  much 
smaller  diameter  holes  used  in  the  "multihole"  cooling  schemes  which  are 
employed  for  even  higher  cooling  effectiveness  levels. 

It  is  a curious  fact  that  the  feature  of  turbomachinery  which  makes  it 
unique  relative  to  most  other  fluid  mechanical  devices  is  rotation  and  vet 
it  is  this  very  feature  which  has  historically  received  the  least  amount  of 
attention.  This  is  particularly  true  in  the  area  of  film  cooling.  Although 
film  cooling  has  been  applied  to  manv  turbine  rotor  blades,  there  is  no  back- 
ground at  all  on  the  impact  of  rotation  on  the  film  coolant  trajectory  or  film 
effectiveness.  The  potential  exists  for  a relatively  strong  effect  due  to 
rotation  since  the  density  of  the  coolant  fluid  can  be  as  high  as  three  times 
that  of  the  free  stream  fluid  around  it.  During  recent  years,  however,  most 
of  the  other  parameters  affecting  film  cooling  have  been  the  subject  of  much 
careful  scrutiny.  A survev  of  work  up  to  1971  has  been  published  bv  Goldstein 
(Ref.  1).  Although  the  bulk  of  the  discussion  is  related  to  slot  injection, 
there  was  some  discussion  of  isolated  hole  injection.  Ericksen  (Ref.  21  inves- 
tigated film  cooling  behind  a row  of  inclined  holes,  and  among  other  things 
found  that  the  effect  of  Reynolds  number  was  relatively  small.  A simple  analy- 
tical model  of  the  effectiveness  pattern  produced  by  a jet  has  been  published 
bv  Ericksen  et  al.,  (Ref.  3).  Pedersen  (Ref.  4)  also  looked  at  a row  of  in- 
clined holes  including  mainstream  to  coolant  density  ratio  as  a prime  variable. 
This  permitted  him  to  vary  the  mass  and  momentum  flux  ratios  independently. 

He  presented  a correlation  of  his  results  including  the  effects  of  all  these 
variables.  Liess,  et  al . , (Ref.  5)  examined  the  effects  of  free  stream  accel- 
eration and  Mach  number  and  found  them  to  be  small.  Lander,  et  al . , (Ref.  b) 
measured  film  cooling  effectiveness  on  a first  vane  cascade  in  an  attempt  to 
include  realistic  geometry  and  flow  conditions  (including  free  stream  turbu- 
lence). Finally,  Muska,  et  al . , (Ref.  7)  confirmed  the  additive  nature  of  the 
effectiveness  of  multiple  rows  of  film  cooling  holes. 
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In  the  absence  of  any  information  on  the  effects  of  rotation,  the 
assumption  in  the  typical  design  system  is  that  there  is  no  effect.  Rotor 
blades  are  treated  like  stator  vanes  in  that  it  is  assumed  that  the  radial 
velocity  in  the  film  is  zero  and  that  the  film  follows  the  free  stream  flow 
around  it.  Any  shortcoming  of  this  approach  is  compensated  for  by  calibra- 
ting the  design  system  on  engine  experience. 

Although  there  is  no  information  on  the  impact  of  rotation  on  film  cooling, 
there  have  been  several  studies  on  the  effect  it  has  on  boundary  layers.  The 
analysis  by  Horlock,  et  al . , (Ref.  8)  addressed  a particular  set  of  similar 
laminar  flows  on  a rotating  helical  blade.  Their  results  indicated  that  even 
in  a uniform  density  fluid  significant  radial  flow  could  occur  under  certain 
circumstances  in  a boundary  layer  as  a result  of  centrifugal  forces.  A recent 
analysis  by  Mules  (Ref.  9)  has  indicated  that  for  compressible  turbulent  boun- 
dary layers  on  rotor  blades  under  most  circumstances  the  radial  flow  is  gener- 
ally small.  In  preparation  for  the  present  program,  an  investigation  was 
conducted  into  the  nature  of  the  boundary  layer  equations  for  stratified  flow 
on  a rotating  curved  blade.  This  analysis  qualitatively  confirmed  the  results 
described  above.  The  equations  indicated  that  in  the  regions  of  the  blade 
surface  where  the  free  stream  velocity  is  high  (e.g.,  on  the  suction  surface) 
the  centrifugal  effects  are  small,  even  for  very  dense  boundary  layers.  How- 
ever, in  low  free  stream  velocity  regions  (e.g.,  the  pressure  surface,  separa- 
tion bubbles  and  the  stagnation  region)  the  radial  velocities  are  of  the 
same  order  as  the  through-flow  velocity,  and  consequently  centrifugal  effects 
would  be  expected  to  be  significant.  This  is  an  important  consideration  since 
film  cooling  holes  are  frequently  located  in  the  low  velocity  region  of  the 
pressure  surface. 
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SECTION  II 


PROGRAM  BACKGROUND 


One  of  the  primary  variables  in  this  program  was  the  coolant  to  free 
stream  density  ratio.  This  parameter  was  to  be  varied  from  1.0  to  4.0.  For 
this  purpose  the  coolant  fluid  consisted  of  mixtures  of  air  and  sulfur  hexa- 
fluoride, SF^  (molecular  weight  = 146).  SF^  has  the  advantage  of  being 
chemically  inert  and  also  of  having  a high  vapor  pressure  (320  psig  (370°  F). 
Measurement  of  both  surface  concentration  of  gas  species  (as  done  by  Pedersen, 
Ref.  4)  and  surface  temperature  had  been  considered  as  a means  of  determining 
film  coolant  effectiveness.  Temperature  measurement  was  chosen  for  reasons  of 
accuracy,  speed,  and  expense.  Furthermore,  it  was  expected  that  this  tech- 
nique would  provide  an  accurate  simulation  of  the  actual  flow  processes.  This 
conclusion  was  based  on  the  expectation  that  across  the  airfoil  boundary  layer 
the  turbulent  Prandtl  number  (governing  heat  transfer)  and  the  turbulent 
Schmidt  number  (governing  mass  transfer)  vary  in  such  a way  that  their  ratio, 
the  turbulent  Lewis  number  is  close  to  unity  at  all  points.  This  can  be  shown 
to  be  true  for  turbulent  plane  wakes  from  the  results  presented  by  Reynolds 
(Ref.  10,  Figs.  4 & 5)  and  although  there  are  basic  differences  in  the  flow, 
we  expect  the  same  to  be  true  in  a turbulent  boundary  layer.  The  mixtures  were 
heated  above  the  free  stream  temperature  and  effectiveness  was  determined  by 
measuring  the  free  stream  and  coolant  temperatures  and  the  adiabatic  recovery 
temperature  distribution  on  the  airfoil  surface  with  a r.atrix  of  thermocouples 
downstream  of  each  blowing  site.  The  airfoil  was  made  of  low  conductivity 
urethane  foam  in  order  to  minimize  thermal  conduction  losses  and  to  approach  an 
adiabatic  surface. 

In  order  to  investigate  the  full  potential  for  radial  flow  effects  to 
influence  film  coolant  trajectory  a number  of  blowing  sites  were  selected. 

Hole  locations  were  chosen  at  midspan  at  10  percent  axial  chord  on  the  suc- 
tion surface  and  at  16  percent  axial  chord  on  the  pressure  surface.  These 
holes  are  sufficiently  far  aft  so  as  to  be  relatively  uninfluenced  by  the 
details  of  the  leading  edge  flow,  and  yet  far  enough  forward  so  as  to  be 
uninfluenced  by  the  suction  surface  endwall  vortices  and  by  the  strong  accel- 
eration toward  the  trailing  edge  on  the  pressure  surface.  At  the  two  loca- 
tions selected  the  local  flow  velocity  on  the  suction  surface  is  roughly  five 
times  that  on  the  pressure  surface.  It  was  expected  that  at  the  low  free 
stream  velocity  locations,  such  as  on  the  pressure  surface,  that  the  radial 
flow  effects  would  be  much  more  strongly  felt  than  on  the  high  velocity  loca- 
tions, such  as  on  the  suction  surface.  In  addition,  six  other  holes  were 
provided.  Since  these  entailed  no  delay  to  the  program  and  only  slight  cost 
they  were  included  in  areas  of  possible  interest.  These  additional  holes  are 
near  the  tip  at  50  and  75  percent  axial  chord  on  the  pressure  surface,  at 
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midspan  at  40  percent  and  65  percent  on  the  suction  surface  and  at  60  percent 
on  the  pressure  surface  and  near  the  root  at  16  percent  on  the  pressure  sur- 
face. These  six  additional  blowing  sites  were  only  incorporated  into  the  flow 
visualization  models.  They  were  not  included  in  the  instrumented  effectiveness 
test  models  which  were  fabricated  later  in  the  program.  Because  of  scheduling 
constraints,  however,  these  six  additional  blowing  sites  were  never  tested. 


SKIT  ION  111 


TEST  FACILITIES 


n>o  experimental  program  was  carried  out  in  the  IITKO  Large  Scale  Rotating 
Rig  (l.SRK).  This  tacility  is  tive  feet  in  diameter  and  is  shown  with  the 
partially  assembled  0.8  hub/tip  ratio  turbine  model  installed  in  Fig.  1.  At  a 
tvpical  running  condition,  the  axial  flow  velocity  in  the  rig  is  75  f/s  (23 
m/s)  and  the  shaft  speed  is  405  rpm.  The  airfoil  axial  chords  are  typically  b 
inches,  (0.15  m)  or  approximately  five  times  the  engine  scale.  Airfoil  Reynolds 
numbers  are  approximately  5.t>  x lo"*  which  is  tvpical  of  high  pressure  turbine 
airfoils.  Because  the  rig  also  has  velocity  triangles  tvpical  of  those  of  a 
high  pressure  turbine,  it  provides  an  excellent  simulation  of  the  centrifugal 
and  Coriolis  effects  as  they  would  occur  in  the  boundary  layers  of  an  actual 
engine  scale  turbine  airfoil. 

The  tig  is  operated  bv  a computerized  automatic  control,  data  acquisition 
and  data  reduction  system.  This  system  precisely  maintains  the  desired  rig 
velocity  triangles  (0^/11  ),  acquires  all  pneumatic  and  thermocouple  data 
and  reduces  this  data  (on-line)  to  engineering  units  and  to  convenient  dimen- 
sionless parameters.  The  system  includes  automatic  calibration  procedures  tor 
all  pneumatic  transducers.  For  the  present  program  this  system  was  used  to 
acquire  the  rotor  airtoil  pressure  distribution  data  and  the  rotor  tilm  cooling 
temperature  data.  The  system  also  converted  these  data  to  pressure  coeffi- 
cients and  tilm  coolant  effectiveness  ratios. 

A flow  metering  system  was  assembled  and  calibrated  to  provide  precise 

flows  of  the  film  coolant  fluid  to  the  blowing  sites  at  various  coolant  blowing 

rates  (Ml  and  various  coolant  to  free  stream  fluid  density  ratios  ( R 1 . As 

previously  discussed,  the  coolant  flow  consisted  primarily  of  a mixture  ot 

sulfur  hexa I 1 not i do  (SF  ) and  air.  A trace  amount  of  ammonia  was  included 

o 

for  flow  visualization  purposes.  Mixtures  of  air  and  SF^  permitted  the 
entire  range  of  coolant  flow  rate  and  coolant  to  free  stream  density  ratio  to 
be  obtained. 

The  flow  metering  system,  consists  of  three  Matheson  150  mm  glass  tube 
flow  meters  and  one  Fi scher-Porter  1/2  inch  flow  meter.  For  each  gas  to  be 
used  (SF(i,  air  and  ammonia)  there  is  a separate  plumbing  circuit  consisting 
of  a pressure  regulator,  needle  valves  at  the  inlet  and  outlet  of  the  flow 
meter  body  and  a precision  pressure  gage.  ('.lass  tubes  for  various  flow  rate 
ranges  mav  be  inserted  into  the  flow  meter  frames.  The  various  gages,  valves, 
and  flow  meters  can  be  seen  on  the  face  of  the  unit  in  Fig.  2.  The  three  flows 
are  combined  in  a union  and  then  pass  into  the  turbine  airfoil  through  a rotary 


uni  on  . 


In  order  to  accurately  set  flows  over  the  wide  range  of  flow  rates 
required,  the  flow  meters  were  calibrated  with  glass  tube  and  float  combina- 
tions of  various  capacities.  The  flow  meter  tube/float  combinations  were 
calibrated  against  a Precision  Scientific  Co.  Wet  Test  Meter  using  the  spe- 
cific gas  for  which  they  were  to  be  used.  Calibrations  were  performed  at  0, 

20,  and  60  psig.  The  high  pressure  was  required  to  overcome  the  line  pres- 
sure drop  that  occurred  between  the  flow  metering  system  and  the  blowing  site 

on  the  turbine  rotor  blade.  The  calibrated  glass  tubes  (Matheson  models  601, 

602,  601,  604,  and  60S  and  Fi scher-Port er  model  1/2-17-40  Float)  provide  flow 

rate  ranges  of  .OS  x 10-^*  to  SI  x lO-^*  and  .01S  x 10-^*  to  30  x 10”^*  lbm/sec, 

respectively  for  SF^  and  air.  Since  only  trace  amounts  of  ammonia  were  neces- 
sary, the  ammonia  meter  was  calibrated  only  with  a Matheson  model  601  tube  from 
.01  x 10-^*  to  0.1  x 10-/*  lbm/sec.  Over  the  entire  range  the  error  expected 
from  these  nu  tors  is  ♦ 1 1/2  percent  on  the  average  and  + 3 percent  maximum. 
Ibis  was  more  than  sufficient  for  the  intended  testing. 
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SECTION  IV 
DISCUSSION 


A.  Blade  Pressure  Distribution  Measurements 

In  order  to  set  the  coolant  flow  rate,  it  was  necessary  to  know  the  free 
stream  velocity  at  each  blowing  site.  For  this  purpose  the  rotor  blade  midspan 
pressure  distribution  was  measured  at  a nominal  (design)  value  of  (Cx/Um) 
of  0.78  and  at  higher  and  lower  values  corresponding  to  plus  and  minus  five 
degrees  of  incidence.  The  incidence  was  changed  by  varying  rotor  speed  (hold- 
ing flow  constant)  and  hence  the  blade  axial  chord  Reynolds  number  remained 
constant  (at  5.6  x 1 O*’ ) for  all  incidences.  The  data  taken  included  (1) 
airfoil  midspan  surface  pressures  at  twenty-two  locations  around  the  perimeter 
of  the  blade,  (2)  rotor  inlet  relative  total  pressure  at  midspan  (from  a rotor 
mounted  Kiel  probe)  and  (3)  rotor  exit  tip  static  pressure  measured  on  the 
rotor  casing.  The  pressure  instrumented  airfoil  can  be  seen  mounted  on  the 
rotor  in  Fig.  1.  The  rotating  frame  pressures  were  measured  using  a rotor- 
mounted  scanivalve  and  transducer. 

When  comparing  measured  pressures  to  computed  pressure  distributions,  it 
is  convenient  to  use  a pressure  coefficient  based  on  the  blade  exit  midspan 
static  pressure  as  a reference  pressure  and  the  difference  between  the  blade 
inlet  total  pressure  and  the  midspan  exit  static  pressure  as  a normalizing 
pressure  difference.  It  was  found  in  all  cases  that  the  measured  pressure 
surface  maximum  pressures  were  slightly  lower  than  one  would  expect  from  the 
measured  rotor  inlet  total  pressures.  This  difference,  however,  is  only  about 
l percent  of  the  rotor  exit  relative  dynamic  pressure.  This  effect  is  probablv 
related  to  radial  flows  in  the  rotor  channel  shifting  the  location  of  the  high 
and  the  low  total  pressure  fluid  between  the  inlet  total  pressure  probe  (which 
is  at  the  rotor  leading  edge  plane)  and  the  30  percent  chord  location  where  the 
pressure  surface  pressure  is  near  its  maximum.  In  all  cases  the  total  pressure 
that  was  inferred  from  the  pressure  surface  was  used  in  evaluating  the  airfoil 
distributions.  The  midspan  exit  static  pressure  was  determined  by  applying  a 
correction  to  the  static  pressure  measured  on  the  rotor  exit  tip  casing.  This 
correction  was  based  on  the  assumption  of  free-vortex  flow.  This  is  a very 
small  correction  (roughly  1 percent  of  the  rotor  exit  relative  dynamic  pres- 
sure) and  hence  the  slight  inaccuracy  associated  with  the  assumption  of  free- 
vortex  flow  is  negligible.  The  results  for  the  three  values  of  (C^/lO 
tested  are  shown  as  data  points  in  Figs.  3,  4,  and  5. 

The  computed  curves  in  Figs.  3,  4,  and  5 are  based  on  an  existing  UTRC 
developed  inviscid  potential  flow  calculation.  The  inlet  and  exit  flow  angles 
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(BETAJD  and  HETA2D,  measured  f ram  tangential)  were  adjusted  to  give  best  agree- 
ment with  the  measurements.  Notice  that  excellent  agreement  has  been  achieved 
at  a nominal  inlet  angle  of  41°  and  at  plus  and  minus  five  degrees  for  the  low 


and  high  values  of  (C^/ll  ) respectively.  A single  exit  angle  (25.5°)  was 


shown  to  give  excellent  agreement  for  all  cases.  These  flow  angles  are  also  in 
excellent  agreement  with  a meanline  analysis  which  had  been  carried  out  earlier 
for  this  turbine  model.  The  flow  was  assumed  to  be  incompressible  (Ml  “ M2  “ 

0)  since  the  Mach  number  levels  reached  in  the  rig  are  less  than  0.2.  The 
stream  tube  contraction  ratio  (H2/H1)  was  taken  from  an  existing  through-flow 
analysis  of  the  flow  in  the  turbine  model.  As  can  be  seen,  it  is  very  close  to 
unity  at  this  midspan  location.  The  loss  has  only  a relatively  weak  impact  on 
the  pressure  distribution,  but  in  order  to  be  complete,  a span- averaged  loss 
value  was  included.  This  value  had  been  measured  by  UTKC  during  an  earlier 
program  in  the  rig  at  the  design  value  of  (Cx/Um).  This  loss  was  assumed 
to  be  a constant  fraction  of  the  rotor  exit  relative  dynamic  head  at  off-design 
values  of  (. Cx / 11^ ) . The  definition  of  the  pressure  coefficient  used  in 
Figs.  3,  4,  and  1 is  included  on  the  figures.  As  mentioned  previously,  it  is 
based  on  the  inlet  total  pressure  and  the  exit  static  pressure.  The  predicted 
trailing  edge  stagnation  point  singularity  has  been  eliminated  in  favor  of  the 
more  physically  realistic  trailing  edge  condition  of  a base  pressure  equal  to 


the  downstream  static  pressure  (C  *>  0).  This  affects  the  pressure  distribu- 


tion over  less  than  the  aft-most  10  percent  of  the  airfoil,  i.e.,  from  X/BX 
from  0.9  to  1.0. 


In  general  the  measured  and  computed  pressure  distributions  are  in  excellent 
agreement.  The  agreement  is  especially  good  in  the  leading  edge  region  where 
the  film  coolant  blowing  sites  are  located.  The  suction  and  pressure  surface 
blowing  sites  are  10  and  It  percent  axial  chord  respectively  from  the  leading 
edge  as  indicated  in  Fig.  3.  From  these  results  it  has  been  determined  that 
the  local  surface  flow  velocities  at  the  suction  and  pressure  surface  blowing 
sites  are  (as  a fraction  of  rotor  midspan  wheel  speed)  2.01  and  0.40  respec- 
tively at  the  design  point  value  of  (Cx/llm).  This  corresponds  to  196  and 
38  feet  per  second  at  a typical  running  condition  of  401  rpm.  These  results 
were  used  to  compute  t lie  various  film  coolant  mass  flow  rates  required  to 
achieve  the  desired  values  of  the  coolant  to  free  stream  mass  flux  ratio  (M) 
and  the  coolant  to  free  stream  density  ratio  (R).  From  this  point  onward  all 

0.78) . 


testing  was  carried  out  only  at  the  design  value  of  (Cx/llm 


B.  Flow  Visualization  Tests 


The  first  phase  of  the  film  cooling  test  program  consisted  of  a series 
of  flow  visualization  tests.  The  objective  of  these  tests  was  to  qualita- 
tively determine  the  nature  of  the  film  coolant  footprint  on  the  airfoil 
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surface  downstream  of  each  blowing  site  for  the  full  range  of  density  ratios 
(R)  and  blowing  rates  1M)  to  be  studied  in  the  program.  These  flow  visuali- 
zation film  cooling  patterns  could  then  he  employed  to  determine  the  effec- 
tiveness instrumentation  arrays. 

The  same  procedure  was  employed  to  fabricate  both  the  flow  visualization 
and  effectiveness  test  blades.  Holes,  (1/8  inch  diameter,  3.2  mm)  were  drilled 
into  an  existing  aluminum  rotor  blade  (Bx  * 6.34  inches,  16.1  cm).  The  hole 
locations  are  known  to  within  0.3  percent  of  axial  chord  which  is  a relatively 
small  fraction  of  the  hole  diameter.  Each  hole  is  inclined  at  an  angle  of  30° 
to  the  surface.  The  plane  of  each  hole  was  set  such  that  the  axis  of  the  hole 
is  tangent  to  a cylindrical  surface  intersecting  the  airfoil  at  the  location. 
The  result  is  that  all  of  the  holes  are  oriented  in  the  streamwise  direction 
with  no  radial  component.  The  rather  complicated  angular  orientations  of  the 
holes  were  carried  out  with  high  precision  by  mounting  the  airfoil  on  a sine 
plate  which  in  turn  was  mounted  on  a jig  boring  machine.  The  final  result  is 
shown  in  Kigs.  t>  and  7 where  pins  have  been  inserted  into  each  of  the  holes  to 
better  illustrate  their  orientation. 

A mold  was  then  fabricated  using  the  drilled  aluminum  airfoil  as  a master. 
The  blade  was  mounted  in  a jig  using  the  hub  attachment  button  as  a location 
guide.  A frame  was  placed  around  the  airfoil  and  a ground  drill  rod  was 
inserted  into  the  eight  holes  in  the  airfoil  through  holes  in  the  frame. 

Farting  surfaces  were  made  along  the  leading  and  trailing  edges  with  special 
care  taken  at  the  leading  edge  where  a smooth  joint  between  the  two  mold  halves 
is  critical.  Hvdtocalic  cement  was  used  to  cast  around  the  metal  master  with 
the  drill  rods  inserted.  This  cement  has  extremely  low  shrinkage  so  that  the 
final  mold  shape  is  an  accurate  duplicate  of  the  original  aluminum  airfoil. 

Upon  hardening,  the  drill  rods  and  the  metal  airfoil  were  removed  and  the  mold 
was  allowed  to  cure  for  a week.  Finally,  the  mold  surface  was  polished  to 
ensure  a smooth  model  with  a clean  skin. 

In  order  to  provide  structural  integrity  to  the  final  airfoil,  a steel 
skeleton  was  fabricated  consisting  of  a hub  attachment  button  identical  to 
that  of  the  original  aluminum  airfoil,  two  steel  airfoil  shaped  sections 
located  near  the  root  and  tip  of  the  blade  and  three  spanwise  steel  spars. 

This  skeleton  is  shown  in  Fig.  7.  The  skeleton  was  mounted  by  its  hub  attach- 
ment in  the  locating  jig  and  the  mold  halves  brought  together.  The  drill  rods 
were  reinserted  into  the  mold  and  connected  to  geon  tubing  which  passed  out  of 
the  mold  through  holes  in  the  huh  attachment  button.  Urethane  foam  (Isofoam  , 
Witco  Chemical)  was  poured  into  the  mold  and  allowed  to  harden.  This  partic- 
ular foam  material  was  selected  for  its  extremely  low  thermal  conductivity 
(0.02  to  0.03  Btu/hrft  °F).  This  is  nearly  as  low  as  the  value  for  still  air 
(0.014).  While  this  property  is  unimportant  to  the  flow  visualization  tests, 
it  is  a crucial  cons iderat ion  for  the  measurement  of  adiabatic  wall  tempera- 
tures in  the  effectiveness  tests. 
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The  final  results  of  this  fabrication  procedure  are  shown  in  Figs.  7 and 
8.  Two  airfoils  were  fabricated  with  four  individual  blowing  sites  on  each. 

The  two  blowing  sites  of  principle  interest,  namely,  those  at  midspan  near  the 
leading  edge  on  the  pressure  and  suction  surfaces,  are  both  on  the  airfoil  in 
Fig.  8.  One  hole  on  the  suction  surface  can  be  seen  in  this  photograph.  The 
final  cast  models  are  near  perfect  replicas  of  the  original  aluminum  airfoil. 
The  surface  of  the  model  is  composed  of  a very  thin  skin  of  urethane  which  is 
extremely  smooth.  The  leading  edge  is  also  virtually  flawless.  Special  care 
was  taken  here  since,  as  mentioned  above,  this  was  the  location  of  the  parting 
surface  between  the  two  halves  of  the  mold.  The  intersections  of  the  various 
blowing  holes  with  the  airfoil  surface  are  also  virtually  flawless.  Each  one 
is  very  clean  without  either  flat  spots  or  burrs.  Finally,  care  was  taken  to 
insure  that  each  hole  had  a straight  length  of  at  least  four  diameters  (1/2 
inch,  1.3  cm)  before  it  entered  the  geon  tube  within  the  model.  This  insured 
an  adequately  uniform  and  developed  flow  discharging  from  each  hole  at  the 
surface  of  the  airfoil. 

Upon  completion  of  the  rotor  blade  pressure  distribution  measurements, 
the  two  flow  visualization  airfoils  were  installed  in  the  rig.  The  suction 
and  pressure  surface  blowing  sites,  were  each  connected  to  one  channel  of  a two 
channel  rotary  union.  The  gas  flow  metering  device  was  connected  to  either  of 
the  two  channels  so  that  both  blowing  sites  could  be  run  in  sequence  during  a 
single  rig  run.  A piece  of  ozalid  paper  was  cemented  onto  each  airfoil  imme- 
diately behind  the  hole  at  each  blowing  site.  The  airfoils  had  been  marked 
with  spanwise  reference  lines  so  that  all  the  pieces  of  ozalid  paper  mounted 
behind  each  blowing  site  were  in  exactly  the  same  position. 

With  a piece  of  ozalid  paper  mounted  behind  each  blowing  site  the  rig  was 
brought  up  to  the  desired  running  conditions  of  thru-flow  velocity  (Cx)  and 
midspan  wheel  speed  ( Um ) such  that  the  nominal  design  point  velocity  triangles 
(i.e.,  Cx/Um)  were  obtained.  The  flow  metering  device  was  then  connected 
to  one  of  the  blowing  sites  and  the  air  and  sulfur  hexafluoride  (SF^)  flow 
rates  were  adjusted  until  the  desired  coolant  to  free  stream  density  ratio  (R) 
and  coolant  to  mainstream  mass  flux  ratio  (M)  were  obtained.  When  the  flow 
was  established,  a trace  amount  of  ammonia  was  introduced  into  the  film  coolant 
flow.  The  amount  of  ammonia  was  always  less  than  1 percent  of  the  total  cool- 
ant mass  flow  so  it  had  a negligible  effect  on  both  the  R and  M ratios.  A 
strobe  light  triggered  with  a once  per  revolution  pulse  from  the  rotor  shaft 
was  used  to  observe  the  flow  trace  established  itself  on  the  ozalid  paper. 

After  a trace  of  suitable  darkness  had  been  achieved  the  ammonia  was  turned  off 
and  the  lines  were  flushed  with  ammonia  free  flow.  The  flow  metering  device 
was  then  connected  to  the  rotary  union  channel  leading  to  the  other  blowing 
site  and  the  process  was  repeated.  As  shown  in  Fig.  9,  a matrix  of  R and  M 
ratios  was  covered  on  both  the  suction  and  pressure  surfaces  corresponding  to 
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the  range  ot  typical  gas  turbine  film  cooling  applications.  On  the  suction 
surface,  high  M ratios  could  not  be  obtained  at  low  R ratios  due  to  the  large 
pressure  drop  occurring  in  the  supply  lines  for  this  highest  flow  rate  case. 
This  problem  was  rectified  in  the  effectiveness  testing.  However,  it  is  not 
expected  that  anv  information  was  lost  in  the  flow  visualization  since  both  the 
suction  and  pressure  surface  coolant  trajectories  appear  to  be  virtually 
invariant  with  both  R and  M. 

Figure  10  is  a typical  example  of  the  flow  visualization  results.  Traces 
are  shown  for  a low  M ratio  and  for  both  the  suction  and  pressure  surface  blow- 
ing sites  at  nominal  density  ratios  (R)  of  1 and  4.  In  all  cases  the  suction 
surface  film  coolant  traiectory  is  narrow,  straight  and  has  only  a slight 
radial  displacement.  The  pressure  surface  trajectory  on  the  other  hand  is  much 
wider,  displays  noticeable  curvature,  and  has  a strong  radial  displacment 
(roughly  30°  radially  outward).  In  comparing  the  various  traces  it  must  he 
kept  m mind  that  the  relative  darkness  of  each  trace  is  primarily  a function 
of  how  long  the  mmonia  was  allowed  to  flow.  It  should  not  he  related  direct lv 
to  film  coolant  effectiveness.  The  trace  width  is  also  a fund  ion  of  the 
ammonia  flow  time  but  to  a much  lesser  degree. 

In  order  to  gain  additional  insight  into  the  flow  mechanisms  occurring 
in  the  experiment,  a very  small  amount  of  pure  ammonia  was  passed  through  both 
blowing  sites.  It  was  expected  that  this  would  indicate  the  nature  of  the  flow 
over  the  blade  in  the  absence  of  film  coolant  discharge.  The  results  were 
virtually  identical  to  those  of  Fig.  10.  This  indicates  that  it  is  unlikely 
that  the  pressure  surface  radial  flow  is  due  to  a three-dimensional  boundary 
layer  since  if  this  wore  the  case  the  flow  visualization  trace  direction  would 
he  expected  to  change  somewhat  when  going  from  verv  low  to  verv  high  blowing 
rates  as  the  coolant  jet  penetrated  the  free  stream.  Such  a change  in  direc- 
tion was  not  observed  to  occur.  The  suction  and  pressure  surface  film  coolant 
trajectories  appear  to  be  simply  following  the  three-dimensional  inviscid  flow 
ove r the  airfoil. 


C . F,  f fe.*i  iveness  Measurements 

Upon  completion  of  the  flow  visualization  tests,  the  fabrication  of  the 
two  instrumented  effectiveness  airfoils  was  initiated.  The  two  airfoils  wore 
cast  using  the  previously  discussed  low  thermal  conductivity  urethane  foam. 

One  airfoil  had  the  suction  surface  blowing  site  (at  10  percent  chord)  and  the 
other  airfoil  had  the  pressure  surface  blowing  site  (at  lb  percent  chord). 
These  airfoils  were  cast  with  thermocoupl es  (TC's)  mounted  internally  in  the 
film  coolant  supply  lines  so  that  the  coolant  temperature  could  he  measured 
immediately  prior  to  ejection  at  the  airfoil  surface.  The  positions  of  the 
rows  of  TO  arrays  downstream  of  each  blowing  site  were  determined  on  the  basis 


of  the  flow  visualization  results.  The  diagrams  used  to  locate  the  suction 
and  pressure  surface  thermocouple  (TC)  arrays  are  shown  in  Fig.  11.  The  stream- 
wise  positioning,  the  radial  extent  and  the  locations  where  TC's  were  concen- 
trated were  all  based  on  the  flow  visualization  results.  Figures  12  and  13 
show  the  arrays  on  the  airfoils  with  the  suction  and  pressure  surface  blowing 
sites  respectively.  Six  rows  of  hole  pairs  (two  for  each  TC)  can  be  seen  with 
8 to  12  thermocouples  mounted  in  each  array.  The  TC  rows  have  been  shown  in 
relation  to  the  airfoil  pressure  distribution  in  Fig.  3.  In  brief,  the  TC 
mounting  procedure  consisted  of  the  following  sequence  of  steps.  A series  of 
terminal  strips  (one  for  each  row  of  TC's)  were  prepared  with  1.2  meter  lengths 
of  3 mil  (.075  mm)  diameter  chromel-alumel  wire  pairs  mounted  on  them.  These 
wires  carry  the  TC  voltage  trom  the  airfoil  to  a rotating  frame  voltage  scanner 
mounted  on  the  rotor  axis.  The  terminal  strips  were  mounted  in  a recessed 
chamber  cut  into  the  opposite  side  of  the  airfoil  from  the  blowing  site.  The 
lead  wires  are  routed  out  through  the  blade  hub  attachment.  Figure  14  shows 
the  recessed  chamber  cut  into  the  pressure  surface  of  the  airfoil  having  the 
suction  surface  blowing  site.  The  hole  pairs  fron  the  TC  locations  were  then 
drilled  through  the  airfoil  to  positions  adjacent  to  the  terminal  strips  (Fig. 
15).  One  mil  (.025  mm)  diameter  chromel-alumel  TC's  were  then  inserted  through 
the  holes  and  welded  onto  the  chromel-alumel  lead  wires  protruding  through  the 
terminal  strips.  When  all  of  the  TC's  were  mounted  a thin  coat  of  varnish  was 
applied  to  the  test  surface  to  hold  the  TC's  firmly  in  position  and  to  restore 
the  surface  smoothness.  The  welded  wires  on  the  terminal  strips  were  potted 
with  a thin  layer  of  epoxy  to  prevent  any  motion  or  breakage  due  to  centrifugal 
loading.  The  recessed  chamber  in  the  airfoil  was  completely  filled  with  the 
piece  of  urethane  foam  that  had  originally  been  removed  to  form  the  cavity.  By 
this  approach  the  original  smooth  contour  of  the  airfoil  was  completely  restored. 

The  instrumented  airfoils  were  mounted  on  the  rotor  hub  of  the  turbine 
model  in  the  rig.  The  "coolant"  fluid  passed  from  the  calibrated  metering 
system,  through  a rotary  union,  through  an  electrical  heater,  and  into  each 
airfoil.  The  heater  was  used  to  bring  the  coolant  gas  flow  to  a temperature 
approximately  50°  F above  that  of  the  mainstream  fluid.  The  TC  lead  wires 
from  both  airfoils  were  connected  to  a 144  channel  TC  scanning  system  mounted 
on  the  rotor  (near  the  rig  axis).  The  TC  scanner  communicated  digitally  with 
the  previously  described  rig  data  system  computer.  This  digital  communication 
eliminated  all  difficulties  associated  with  slip-ring  noise  on  analog  signals. 

The  "coolant"  temperature  was  measured  immediately  prior  to  discharge  from  the 
airfoil  surface  by  the  TC's  mounted  inside  the  supply  line  within  the  airfoil. 


The  coolant  supply  system  was  designed  to  provide  a coolant  mixture  to  one 
blade  at  a time.  For  each  flow  condition,  then,  one  blade  was  film  cooled  and 
the  other  blade  provided  a convenient  and  accurate  station  to  measure  the  free 
stream  adiabatic  wall  recovery  temperature.  Individual  thermocouples  on  the 
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film-cooled  blades  were  calibrated  by  recording  indicated  temperatures  with  no 
cooling  air  flowing.  All  TO  calibration  corrections  were  less  than  or  equal  to 

0.5°  K. 

The  results  of  the  testing  on  the  suction  and  pressure  surfaces  for  twelve 
combinations  of  M and  R ratios  on  each  surface  are  shown  in  Figs.  16  through 
39.  These  figures  illustrate  the  profiles  across  the  film  coolant  footprint  at 
each  array  of  TC's.  Sketched  below  them  are  isoeffectiveness  contours  that 
have  been  inferred  from  the  profiles.  Several  thermocouples  became  inoperative 
during  the  final  stages  of  model  fabrication,  during  installation  in  the  rig 
and  during  testing.  In  total,  6 out  of  the  total  of  130  TC's  were  inoperative. 
All  of  the  bad  TC's  were  on  the  suction  surface  and  they  have  been  indicated  on 
Figs.  11  and  16  through  27.  Due  to  this  loss  of  instrumentation,  some  artistic 
license  had  to  he  employed  in  constructing  the  effectiveness  profiles  on  the 
suction  surface.  In  areas  where  this  was  done,  the  profiles  have  been  drawn 
with  dashed  lines.  In  addition,  since  the  uncertainty  in  the  measured  effective- 
ness is  approximately  * 1 percent  the  locations  of  the  0.02  contours,  and 
also,  but  to  a lesser  degree,  the  0.05  contours,  are  not  considered  precise. 

For  this  reason,  they  tiave  been  drawn  in  as  dashed  lines  in  all  of  the  figures. 
The  degree  to  which  most  of  the  effectiveness  profiles  return  to  zero  on  either 
side  of  the  footprints  is  indicative  of  the  uncertainty  in  the  results. 

D . Re  s u 1 1 s 

The  film  cooling  patterns  obtained  from  the  separate  flow  visualization 
and  film  effectiveness  tests  were  consistent  for  all  tests  on  both  the  suction 
and  pressure  surfaces.  This  was  an  important  aspect  of  the  test  program  since, 
as  discussed  above,  the  location  and  density  of  the  effectiveness  instrumenta- 
tion was  selected  on  the  basis  of  the  flow  visualization  results. 

The  effectiveness  pattern  (Figs.  16  through  39)  can  be  seen  to  bear  close 
resemblance  to  the  flow  visualization  patterns  (Fig.  10).  The  suction  surface 
effectiveness  footprint  is  narrow  and  has  only  a slight  radially  outward  deflec- 
tion. Even  though  the  maximum  effectiveness  and  the  footprint  width  vary 
markedly  over  the  range  of  M and  R tested,  the  location  of  the  centerline  of 
the  footprint  appeared  to  be  insensitive  to  these  variables.  As  in  the  flow 
visualization  tests,  the  pressure  surface  footprint  was  wide  and  exhibited  a 
large  radial  deflection.  The  maximum  effectiveness  and  the  footprint  width  on 
the  pressure  surface,  however,  both  appear  to  be  far  less  sensitive  to  M and  R 
than  on  the  suction  surface. 


The  different  widths  of  the  suction  and  pressure  surface  coolant  patterns 
are  somewhat  analogous  to  the  differences  in  film  coolant  coverage  that  can  be 
achieved  through  the  use  of  compound  angled  blowing  holes  as  opposed  to  simple 


st  rt'amwi  se  blowing.  A blowing  configuration  in  which  the  major  axis  of  the 
ellipse  formed  bv  the  intersection  of  the  hole  and  the  surface  is  parallel  to 
the  main  stream  velocity  of  the  flow  over  the  hole  is  referred  to  as  simple 
streamwise  blowing.  When  the  major  axis  of  the  ellipse  is  not  parallel,  it  is 
referred  to  as  compound  angled  blowing.  Generally  speaking,  compound  blowing 
can  result  in  a much  wider  film  coolant  effectiveness  footprint  than  simple 
streamwise  blowing  (Refs.  11  and  12).  On  the  suction  surface  the  major  axis 
of  the  ellipse  is  parallel  to  the  film  coolant  trace  and  the  result  is  a 
relatively  narrow  trace  which  is  typical  of  simple  streamwise  blowing.  In 
contrast  to  this,  the  major  axis  of  the  pressure  surface  hole  ellipse  is  at  an 
angle  of  approximately  30°  to  the  film  coolant  trace  and  this  has  produced 
the  much  wider  film  coolant  footprint  char act er i st i c of  compound  blowing.  As 
mentioned  in  the  discussion  of  the  flow  visualization  tests,  it  appears  that 
the  film  coolant  trajectory  is  governed  primarily  by  the  nature  of  the  undis- 
turbed flow  over  the  airfoil,  i.e.,  in  the  absence  of  film  cooling.  Centri- 
fugal and  Coriolis  forces  may  be  important  in  determining  the  nature  of  the 
undisturbed  flow,  but  beyond  that,  they  appear  to  have  no  significant  impact 
on  film  coolant  trajectory. 

Tlie  basic  conclusions  of  the  program  are  that  there  is  a strong  radial 
component  to  the  pressure  surface  film  coolant  trajectory  and  that  both  the 
suction  and  pressure  surface  trajectories  are  verv  insensitive  to  both  the 
density  ratio  (R)  which  was  varied  over  a range  from  1 to  4 and  the  mass  flux 
ratio  (M)  which  was  varied  over  a range  from  0.3  to  1.3. 

Tlie  fact  that  film  coolant  trajectory  is  insensitive  to  coolant  flow 
conditions  eliminates  one  of  the  concerns  of  the  turbine  designer.  However, 
one  must  keep  in  mind  that  the  pressure  surface  coolant  trajectory  represents 
a wide  departure  from  typical  design  system  assumptions.  This  can  give  rise 
to  two  problems.  First,  large  portions  of  the  airfoil  surface  downstream 
(axially)  of  the  coolant  discharge  hole  will  be  starved  of  film  coolant  since 
this  air  will  have  moved  radially  outward  toward  the  tip  of  the  airfoil.  Tlie 
second  problem  arises  in  that  compound  angled  holes  are  frequently  used  to 
achieve  improved  film  cooling  coverage  on  turbine  airfoil  surfaces.  These 
holes  are  generally  oriented  under  the  assumption  of  purely  axial  flow  on  the 
airfoil  surface.  If  the  radial  flow  occurring  on  the  blade  pressure  surface 
was  aligned  with  the  compound  hole  angle,  the  enhanced  film  coverage  would  not 
be  achieved.  Tlie  result  of  both  of  these  possible  problems  would  be  burning 
near  the  airfoil  pressure  surface  trailing  edge  in  the  region  downstream  of  the 
blowing  sites  experiencing  maximum  radial  flow. 

The  effectiveness  data  taken  during  the  present  program  have  been  compared 
to  flat  plate  wind  tunnel  data  reported  by  Goldstein  et  al . , (Ref.  11).  There 
were,  however,  some  differences  between  the  present  film  cooling  test  condi- 
tions and  those  of  Ref.  11.  For  the  present  program,  the  suction  and  pressure 


surface  holes  are  at  30°  to  the  surface,  but  in  the  tests  of  Ref.  11,  the 
holes  wore  35°  from  the  surface.  For  the  present  program,  the  pressure  and 
suction  surface  blowing  site  Reynolds  numbers  (Hep)  are  0 . 24  x 10^  and  1.27 
x lO**,  respectively,  whereas  for  the  tests  of  Ref.  II  values  of  2.2  x 10^ 
and  4.4  x 10^  were  employed.  TTiis  difference  is  not  believed  to  be  important 
since  the  data  of  Refs.  1 and  5 indicate  that  film  effectiveness  is  insensi- 
tive to  Reynolds  number.  Most  of  the  data  reported  in  Ref.  11  are  for  a nor- 
malized displacement  thickness  C 6 * / D ^ of  0.11b.  For  the  present  tests,  (s*/D) 
is  0.036  and  0.059  on  the  suction  and  pressure  surfaces  respectively.  The 
reduced  coolant  injection  angle  and  (i*/D)  ratio  of  the  present  tests  would 
both  be  expected  to  produce  effectivenesses  slightly  higher  than  those  of  Ref. 

> 11.  This  generally  did  not  turn  out  to  be  the  case  as  shall  become  apparent  in 

the  following  paragraphs. 

Tlie  suction  surface  data  are  compared  with  the  data  of  Ref.  11  in  Fig.  40. 

For  a density  ratio  (R)  of  1.0  the  decay  of  the  maximum  effectiveness  is  shown 

.«  as  a function  of  normalized  distance  aft  of  the  center  of  the  blowing  site. 

For  blowing  rates  (Ml  of  1.0  and  1.5,  the  present  data  are  in  reasonably  good 
agreement  with  the  data  of  Ref.  11.  At  M = 0.5,  there  is  a significant  dif- 
ference. The  reason  for  this  difference  is  unclear  at  present,  but  it  may  be 
due  to  the  effects  of  curvature  as  shall  be  discussed  below.  The  pressure 
surface  data  are  compared  with  the  same  flat  plate  data  of  Ref.  11  in  Fig.  41. 

As  can  be  seen,  significant  differences  exist  between  the  two  sets  of  data  for 
all  conditions.  The  effectiveness  data  of  the  present  program  are,  in  general, 
much  lower  and  less  sensitive  to  M than  those  of  Ref.  11.  The  pressure  surface 
data,  however,  show  a greater  similarity  to  the  data  of  Ref.  11  which  were 
obtained  with  the  hole  oriented  at  right  angles  to  the  flow  direction  (Fig. 

42).  The  lower  level  of  maximum  effectiveness  and  its  relative  insensitivity 
to  M appear  to  be  partially  a result  of  the  radial  flow  over  the  blowing  site 

IP  , 

causing  the  hole  to  behave  as  a compound  angled  hole.  A final  comparison  with 
the  data  of  Ref.  11  is  given  in  Fig.  43,  where  the  maximum  effectiveness  is 

9 j 

plotted  as  a function  of  the  momentum  flux  ratio  (I  = Mz/R)  at  a normalized 
distance  downstream  of  the  hole  center  (S/D)  of  6.6.  Although  the  suction 
surface  results  are  in  reasonably  good  agreement  with  those  of  Ref.  11,  the 
pressure  surface  results  are  distinctly  different.  The  conclusion  drawn  from 
these  comparisons  is  that  although  the  suction  surface  film  coolant  behavior  is 
similar  in  many  respects  to  what  one  would  have  expected,  based  on  the  flat 
plate  results  of  Ref.  11,  the  pressure  surface  results  are  both  qualitatively 
different  (i.e.,  a strong  radial  component  to  the  coolant  trajectory)  as  well 
as  quantitatively  different  (i.e.,  the  effectiveness  levels  are,  in  general, 
much  lower  than  one  would  have  expected  from  flat  plate  results). 


The  difference  between  the  data  presented  here  and  those  of  Goldstein 
et  al  . , (Ref.  11)  may  partially  result  from  the  effects  of  surface  curvature. 
In  a recent  paper,  Ito  et  al . , (Ref.  13)  have  reported  film  cooling  data 
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taken  on  a turbine  blade  in  a plane  cascade  with  rows  of  blowing  sites  on  both 
the  suction  and  pressure  surfaces.  Their  holes  were  at  35°  to  the  surface  and 
had  a center-to-center  distance  of  three  diameters.  In  all  other  respects, 
their  conf igur at  ion  was  verv  similar  to  that  of  the  present  program.  Their 
facility  being  a plane  cascade,  however,  had  no  radial  flow  effects.  Most  of 
the  data  thev  present  is  laterally  averaged  but  some  local  effectiveness  data 
is  reported  for  a density  ratio  of  0.95  and  a mass  flux  ratio  of  0.5,  for  the 
pressure  and  suction  surfaces.  Tins  data,  on  the  hole  center  1 i nes .( Ref . 13, 

Figs.  4 and  5),  is  almost  identical  with  that  of  the  present  program  on  the 
suction  surface,  and  it  is  also  quite  close  on  the  pressure  surface  (Fig.  44). 

The  pressure  surface  effectiveness  data  of  Ref.  13  are  higher  by  0.05  to  0.10 
than  those  of  the  present  program,  a difference  probably  due  to  the  effect  of 
the  row  of  holes  as  opposed  to  the  single  hole  employed  in  the  present  program. 
Ito  et . al.,  (Ref.  13)  attribute  most  of  the  differences  between  suction  and 
pressure  surface  film  cooling  behavior  o the  effects  of  surface  curvature. 

The  effects  of  high  and  low  blowing  rate  and  concave  and  convex  surface  curva- 
ture are  summarized  by  Ito  et  al.(Ref.  13),  in  Fig.  10  of  that  work.  This 
figure  is  for  laterally  averaged  effectiveness,  but  it  is  similar  in  many 
respects  to  Fig.  43  of  the  present  report.  The  high  effectiveness  on  the  suction 
surface  at  low  momentum  flux  ratios  ( 1 3 is  attributed  by  Ito  et  al . , to  the 
effect  of  curvature  causing  the  coolant  jet  to  be  close  to  the  wall.  At  higher 
values  of  l,  the  curvature  effects  cause  the  jet  to  lift  off  the  surface 
resulting  in  lower  effectiveness.  On  the  pressure  surface,  the  effects  were 
shown  in  (Ref.  13)  to  be  reversed.  Low  values  of  1 caused  low  effectiveness, 
but  the  effectiveness  increased  gradually  js  1 increased.  It  was  suggested  bv 
Ito  et  al . , and  indeed  it  is  confirmed  by  their  data  as  well  as  by  that  of  the 
present  report  (Fig.  43),  that  the  suction  (convex)  and  pressure  (concavel 
surface  curves  should  cross  at  a value  of  I equal  to  or  somewhat  greater  than 


SECTION  V 


CONCLUSIONS 


Both  qualitative  and  quantitative  differences  were  seen  to  exist  between 
the  behavior  of  film  coolant  on  the  suction  and  pressure  surfaces  of  a turbine 
rotor  blade.  On  the  suction  surface,  the  film  coolant  had  only  a small  radial 
displacement  and  was  in  many  respects  similar  to  existing  data  taken  on  flat 
surfaces  with  streamwise  oriented  holes.  Where  comparisons  were  possible,  the 
suction  surface  data  was  also  nearly  identical  with  film  cooling  data  taken  by 
other  investigators  on  a plane  cascade  airfoil  of  very  similar  geometry. 

On  the  pressure  surface,  the  film  coolant  had  a large  radial  displacement 
and,  in  general,  very  low  levels  of  effectiveness  were  measured.  The  radial 
displacement  was  a result  of  the  radial  component  of  the  free  stream  flow  over 
the  blowing  site.  The  low  level  of  effectiveness  appears  to  be  due  both  to 
the  effectively  compound  orientation  of  the  hole,  due  to  the  radial  flow,  and 
surface  curvature  effects  which  tend  to  reduce  coolant  effectiveness  on  con- 
cave surfaces  at  momentum  flux  ratios  (i)  less  than  approximately  unity. 

Finally,  the  film  coolant  trajectories  for  each  blowing  site  are  virtually 
uninfluenced  by  the  coolant  blowing  rate  (M)  and  by  the  coolant  to  free  stream 
density  ratio  (R). 
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Figure  5.  Rotor  Midspan  Pressure  Distribution,  (C^/U^)  = 0.955 
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Figure  11.  Thermocouple  Arrays 
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Figure  12.  Thermocouple  Array  Locations  On  The  Suction  Surface 


Fixture  . 3.  Thermocouple  Array  locations  On  The  'res sure  Surface 
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Figure  44.  Decay  of  Maximum  Effectiveness,  M “ 0.5,  H = 1 
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